Cytolethal distending toxin (CDT) is a bacterial toxin that induces G 2 /M cell cycle arrest, cell distension, and/or apoptosis in mammalian cells. It is produced by several Gram-negative species and may contribute to their pathogenicity. The catalytic subunit CdtB has homology with DNase I and may act as a genotoxin. However, the mechanism by which CdtB leads to cell death is not yet clearly understood. Here, we used Saccharomyces cerevisiae as a model to study the molecular pathways involved in the function of CdtB from Aggregatibacter actinomycetemcomitans, a cause of aggressive periodontitis. We show that A. actinomycetemcomitans CdtB (AaCdtB) expression induces S/G 2 arrest and death in a DNase-catalytic residue and nuclear localization-dependent manner in haploid yeasts. Yeast strains defective in homologous recombination (HR) repair, but not other DNA repair pathways, are hypersensitive to AaCdtB, suggesting that HR is required for survival upon CdtB expression. In addition, yeast does not harbor the substrate for the other activity proposed for CdtB function, which is phosphatidylinositol-3,4,5-triphosphate phosphatase. Thus, these results suggest that direct DNA-damaging activity alone is sufficient for CdtB toxicity. To investigate how CdtB induces cell death, we examined the effect of CdtB in yeast strains with mutations in apoptotic regulators. Our results suggest that yeast death occurs independently of the yeast metacaspase gene YCA1 and the apoptosis-inducing factor AIF1 but is partially dependent on histone H2B serine 10 phosphorylation. Therefore, we report here the evidence that AaCdtB causes DNA damage that leads to nonapoptotic death in yeast and the first mutation that confers resistance to CdtB.
Aggregatibacter actinomycetemcomitans is a Gram-negative bacterial species that has been implicated in the pathogenesis of periodontal diseases, especially the aggressive forms (12) . This bacterium possesses many virulence factors and produces several toxins, one of which is cytolethal distending toxin (CDT). CDT induces cell distension, cell cycle arrest, and death in mammalian host cells. It is produced by several pathogenic bacterial species, including Escherichia coli, Campylobacter jejuni, Haemophilus ducreyi, Shigella dysenteriae, Helicobacter hepaticus, Salmonella enterica serovar Typhi, and others (16, 28) . A. actinomycetemcomitans CDT (AaCDT) has been shown to induce G 2 cell cycle arrest and/or apoptosis in many cell types, including lymphocytes (16, 26, 28, 34) . Therefore, this toxin may play a role in bacterial pathogenicity via immune system evasion. Moreover, the ability to induce host cell death could lead to tissue destruction and delayed healing. In the case of periodontitis, this could lead to eventual tooth loss. Clinical isolates of A. actinomycetemcomitans from patients with periodontitis show high frequency of CDT production, further suggesting its role in the pathogenesis of the disease (43) .
The genes that encode the 3 subunits of CDT, cdtA, -B, and -C, are located in the cdt locus (40) . Structural and functional studies suggested that the 3 subunits form a heterotrimer of CDT holotoxin and that all subunits are required for full activity (15, 31, 33) . CdtB is the enzymatically active subunit, while CdtA and CdtC are necessary for the delivery of CdtB into host cells (16) . CdtB has only limited homology with DNase I, but the residues important in the catalytic activity are well conserved. DNase activity is detected in crude CDT preparation in vitro, and mutations of the residues corresponding to the DNase-active site abolish the cytotoxic effects on cultured cells (8, 14) . This suggests that the DNase activity of CdtB is essential for its cytotoxicity. Nevertheless, CdtB has also been proposed to induce cell cycle arrest through its function as a phosphatidylinositol-3,4,5-triphosphate phosphatase (35) . Since the residues important for both DNase and phosphatase activities largely overlap, this raises a question as to which activity is the major contributor to the effects of CDT.
Budding yeast (Saccharomyces cerevisiae) has served as an excellent model organism for the study of many biological processes, including cell cycle regulation, DNA repair, and even cell death (21) . In recent years, yeast has also proven to be a useful surrogate host for the characterization of several bacterial effectors that target conserved biological processes in eukaryotic host cells (6, 39) . Therefore, yeast appears to be a particularly interesting model for the elucidation of the effects of CDT on cellular processes that regulate cell cycle and death.
Campylobacter jejuni CdtB (CjCdtB) has been shown to induce G 2 cell cycle arrest, chromosome degradation, and loss of viability upon expression in a yeast model (10) . Many genomic tools available in yeast also provide an opportunity to analyze the effects of CDT in a genome-wide fashion (13) . Previous studies of yeast suggest that CdtB likely acts as a genotoxin. However, the mechanism by which CdtB induces cell cycle arrest and death has not yet been fully elucidated. Here, we used yeast as a model to characterize the mechanisms by which AaCdtB expression induces cell death.
MATERIALS AND METHODS
Plasmids and yeast strains. Wild-type cdtB and the H160A, H274A, and ⌬11aa cdtB mutants of Aggregatibacter actinomycetemcomitans with a 6-histidine tag were obtained from pET28a-CdtB (40) and pET28a-CdtB(H160A), pET28a-CdtB(H274A) (27) , and pET28a-CdtB(⌬11aa) (25) , respectively. The open reading frames were amplified with forward primer Kpn-Kozak-CdtB (5Ј-GGT ACC ACC ATG G GC AGC-3Ј) and the T7 reverse primer, cloned into pGEM-Teasy (Promega), and subsequently cloned into the KpnI-XhoI sites of the pYES2 vector (Invitrogen). The resulting plasmids were transformed into wild-type S. cerevisiae strains (BY4741 and W303-1A) and yeast strains with mutations in genes of interest (Table 1) . Plasmids for the overexpression of human Bcl-2 and Bcl-xL, including a vector control (pFL39), were kind gifts from Stephen Manon. All recombinant DNA and yeast manipulations were performed according to standard protocols (3) .
Growth conditions and plate sensitivity assays. Yeast cells were grown in synthetic complete medium without uracil (SC-Ura) supplemented with 2% raffinose (Fluka) to log phase (optical density at 600 nm [OD 600 ] ϭ 0.4 to 0.6). For the time course experiments, cells were transferred to SC-Ura supplemented with 2% galactose (Fluka) to induce the expression of CdtB. At various time points, 10-fold serial dilutions of cells were spotted on SC-Ura plates supplemented with 2% glucose to repress CdtB expression or were harvested for other assays. For plate sensitivity assays, 10-fold serial dilutions of cells were spotted on SC-Ura plates supplemented with 2% galactose for CdtB induction and on SC-Ura plates supplemented with 2% glucose as controls. In survival plating assays, approximately 500 cells were spread onto SC-Ura plates supplemented with 2% galactose and with 2% glucose. To examine the effects of different levels of CdtB expression, yeast cells were spotted or spread onto SC-Ura plates supplemented with different sugar concentrations to vary the degrees of induction, i.e., 2% glucose, 1.9% galactose plus 0.1% glucose, 0.1% galactose plus 1.9% raffinose, or 2% galactose. All experiments were performed at least in triplicate. To statistically evaluate the differences in survival rate between CdtBexpressing cells and controls or between mutant and wild-type strains, the t test was used for normal data and the Mann-Whitney U test for skewed data.
Immunoblot analysis. Yeast cell extracts were prepared using glass bead disruption according to standard protocols and resolved on SDS-PAGE gel (3). The expression levels of CdtB were examined by immunoblotting with a mouse monoclonal antibody against the 6-His tag conjugated with horseradish peroxidase (Abcam, United Kingdom) or a rabbit anti-AaCdtB antiserum (40) .
Propidium iodide staining and cell cycle analysis by flow cytometry. Yeast cells were taken at the indicated time points after the induction of CdtB expression and were fixed with 70% ethanol at 4°C overnight or at least 1 h at room temperature. Propidium iodide staining was carried out as previously described (24) . Flow cytometry was performed with a Becton Dickinson FACSCalibur and analyzed with Cell Quest Pro and ModFitLT software.
ROS and annexin V staining. Dihydroethidium (DHE; Sigma), dihydrorhodamine (DHR; Sigma), and annexin V-Fluos (Roche) with propidium iodide (Sigma) were used to stain for accumulation of reactive oxygen species (ROS) and externalization of phosphatidylserine, respectively. The staining procedures were as previously described (18, 19) . Cells treated with 3 mM hydrogen peroxide for 200 min were used as positive controls in both experiments (19) .
RESULTS

Expression of AaCdtB leads to yeast cell death.
To determine if we can use yeast as a model to study the cytotoxic mechanism of AaCdtB, we first tested if AaCdtB induces yeast cell death. We transformed a haploid wild-type yeast strain (BY4741) with a yeast expression plasmid carrying the cdtB gene with a 6-histidine tag under the control of a galactoseinducible promoter (pYES-CdtB). Transformants were then grown in selective medium containing raffinose, which neither induces nor represses the galactose-inducible promoter that governs CdtB expression. When the cultures reached log phase, cells were transferred to liquid medium containing ga- Fig. 1A , cells expressing CdtB started to show lower levels of growth at 6 h after induction and the effect became more apparent at 8 h after induction. This result correlates with the expression of CdtB, which was detectable by immunoblotting at 2 to 4 h after induction (Fig. 1B) . In a plate sensitivity assay, log-phase cultures of yeast cells were spotted directly on solid medium containing galactose to continuously induce CdtB expression. After 2 to 3 days of incubation, we observed markedly decreased growth in cells expressing CdtB in comparison to that in cells carrying the empty-vector control (pYES), as shown in Fig. 1C . Furthermore, the toxicity of CdtB is abolished when the conserved DNase I catalytic residues of CdtB are mutated since cells expressing the CdtB(H160A) or CdtB(H274A) mutants grew as well as those carrying the empty vector. Importantly, a deletion of the 11 amino acids (⌬11aa; aa 114 to 124) required for nuclear transport of CdtB also abolished the cytotoxicity in yeasts (25) . These results are consistent with the effects observed with mammalian cell cultures (25, 27) (M. Ohara, unpublished) and suggest that the cytotoxicity of CdtB is dependent on its DNase activity and requires nuclear localization. Figure 1D shows an immunoblot analysis of yeast extracts expressing various forms of CdtB at 4 h after induction. The result indicates that all mutants were expressed at levels similar to that of wild-type CdtB, confirming that the defect in cytotoxicity was due to the mutations and not to a lower expression level.
Since the level of AaCdtB expression under the induction with 2% galactose may be very high, we examined the effects of AaCdtB expression under lower levels of induction by varying the concentrations of galactose and glucose in the medium. We found that AaCdtB inhibits yeast growth in a dose-dependent manner (data not shown). Under the conditions tested, the addition of 0.1% glucose to the medium supplemented with 1.9% galactose provided the lowest degree of induction. The level of AaCdtB expression under this condition is approximately 0.02 to 0.03 g/10 g total protein in yeast whole-cell extract obtained from ϳ10 7 cells at 4 h after induction (assuming 50% extraction efficiency). This estimation was obtained by comparing the intensities of immunoblot signals of AaCdtB in the whole-cell extracts with those of purified recombinant AaCdtB. The presence of 0.1% galactose in the medium supplemented with 1.9% raffinose led to a strong induction (ϳ0.1 g/10 g total protein), but to a lesser extent than 2% galactose (ϳ0.15 g/10 g total protein). Using plate sensitivity and survival plating assays, we observed that the levels of toxicity to yeast under different inducing conditions correlate well with the levels of AaCdtB expression. At the lowest expression level examined (1.9% galactose-0.1% glucose), although the number of surviving colonies in survival plating assays was not significantly lower than that of the vector controls, the sizes of the colonies were noticeably smaller. At the higher expression levels, survival plating assays showed statistically significant reductions in the numbers of surviving colonies on inducing plates when CdtB-expressing cells and the vector controls under the same conditions were compared.
CdtB induces S/G 2 cell cycle arrest. AaCDT has been shown to induce G 1 or G 2 /M cell cycle arrest and/or apoptosis in many (Fig. 2B) . Furthermore, microscopic analysis showed that CdtB-expressing cells were enlarged, and the majority accumulated as large budded cells, consistent with an S/G 2 arrest phenotype (data not shown). An accumulation of enlarged cells in the CdtB-expressing population was also demonstrated by flow cytometric analysis. Forward-scatter histograms, which reflect cell sizes, showed an increase in cell numbers with high forward-scatter values in cells with CdtB expression in comparison to the levels for the controls (Fig. 2C ).
Yeast strains with defects in homologous recombination (HR) repair, but not other repair pathways, are hypersensitive to CdtB. Our initial experiments showed that the DNase I catalytic residues (H160 and H274) and nuclear localization are essential for CdtB cytotoxicity (Fig. 1C) . This is in agreement with the hypothesis that CdtB induces cell cycle arrest/ apoptosis through its ability to generate DNA damage. To further test this hypothesis, we employed yeast strains with deletions of genes involved in various DNA repair pathways. We hypothesized that defects in DNA repair should increase the sensitivity to CdtB if the cytotoxic effect of CdtB is due to its DNA-damaging activity. Moreover, since each of the DNA repair pathways is specific for distinct types of DNA lesions, the requirement for a particular pathway for survival upon CdtB expression would also imply the type of DNA lesions CdtB generates.
Using plate sensitivity assays, we examined the cytotoxicity of CdtB expression in representative yeast strains with defects in base excision repair (BER; ntg1⌬ and ntg2⌬), nucleotide excision repair (NER; rad14⌬ and rad23⌬), homologous recombination (HR; rad51⌬) and components of the MRX DNA break sensor complex (mre11⌬, rad50⌬, and xrs2⌬), or nonhomologous end joining (NHEJ; yku70⌬, nej1⌬, and dnl4⌬). Remarkably, only strains with defects in the HR repair pathway and the MRX complex, not those with defects in other repair pathways, were significantly hypersensitive to CdtB (Fig. 3A) . In strains with the deletion of RAD51, MRE11, RAD50, or XRS2, genes essential for homologous recombination repair of a DNA double-strand break (DSB), there was essentially no survival upon CdtB induction in galactose-containing medium. These results indicate that CdtB expression causes DNA damage, likely in the form of DNA breaks that requires HR for repair, in yeast cells and leads to eventual cell death.
In response to DNA damage, cells also need to activate cell cycle checkpoint controls to delay cell cycle progression and allow time for the repair processes to take place. In S. cerevisiae, two DNA damage checkpoint effector kinases, Rad53 (homologue of mammalian Chk2) and Chk1, play a major role in the regulation of cell cycle checkpoints (4). If CdtB creates DNA damage, cell cycle checkpoint regulators should also be critical in the cellular responses for coping with the insults. To test this hypothesis, we examined the effects of CdtB in the rad53⌬ and chk1⌬ strains. As expected, the rad53⌬ strain showed hypersensitivity to CdtB expression in comparison to its isogenic wild-type control, although to a lesser extent than the strains with defects in HR repair (Fig. 3B) . In contrast, the chk1⌬ strain showed the same level of sensitivity as its wildtype parent strain. These results suggest that Rad53 plays a more important role than Chk1 in the survival of yeast cells upon CdtB expression.
The effect of AaCdtB is enhanced in a DNA repair mutant. Since yeast strains with defects in HR repair are hypersensitive to CdtB, we examined the effects of CdtB expression on cell cycle progression in a repair-defective mutant strain, the mre11⌬ strain. DNA content analyses showed that CdtB expression led to an accumulation of cells in the S/G 2 phase of the cell cycle (Fig. 4A) . Importantly, the effect was more pronounced and was noticeable at an earlier time than that observed in wild-type yeast. At 4 h after induction, DNA content profiles of CdtB-expressing cultures started to shift toward S/G 2 phase (2 N), while this effect was not apparent in wild-type yeast cultures at 6 h after induction ( Fig. 2A ). An accumulation of cells in the S/G 2 phase was clearly observed at 8 h after induction in the mre11⌬ strain. An analysis of the DNA content profiles also confirmed the stronger effects in the mre11⌬ strain with a high proportion of cells in accumulated in S phase (mean Ϯ SD ϭ 68.1% Ϯ 7.4%) at 20 h after induction (Fig. 4B) . Forward-scatter analyses also showed an accumulation of enlarged cells among the CdtB-expressing population (Fig. 4C) .
AaCdtB-induced yeast cell death is independent of many apoptotic regulators but is partially dependent on histone H2B phosphorylation. CDT can induce apoptosis in certain mammalian cell types, particularly in lymphocytes (36) . Although yeast is a unicellular organism, it has been shown to undergo apoptosis-like death upon exposure to certain stress conditions (21) . To determine the mode of cell death induced by CdtB, we examined if yeast death due to CdtB expression is apoptotic. We first examined if there was an accumulation of reactive oxygen species (ROS), a feature of apoptotic death, upon CdtB expression. Staining with dihydroethidium (DHE) or dihydrorhodamine (DHR) failed to demonstrate ROS accumulation after CdtB induction as analyzed by flow cytometry (data not shown). We also did not observe positive staining of annexin V, which detects the externalization of phosphatidylserine on the cell membrane (data not shown). These experi- To further characterize the mode of cell death induced by CdtB, the levels of cytotoxicity in yeast strains with mutations in apoptotic regulators were determined. Yeast harbors a single metacaspase gene, YCA1, which has been shown to play an important role in apoptotic death under several conditions (20) . It also has a homologue of the apoptosis-inducing factor AIF1, a key regulator of apoptosis (41) . Disruption of these genes has been shown to increase survival of yeast under the conditions that induce apoptotic death. In the case of CdtB, however, plate sensitivity and survival plating assays (Fig. 5A and B, respectively) showed that neither YCA1 nor AIF1 is required for CdtB-induced cell death, since the deletion of either gene hardly had any effect on the sensitivity to CdtB.
Another conserved characteristic of apoptotic death from yeast to mammals is the phosphorylation of histone H2B during apoptosis (2) . To examine the requirement for this histone modification in CdtB-induced death, a yeast strain with a point mutation in histone H2B on the serine residue that is phosphorylated upon apoptotic induction (S10A) was employed. Interestingly, the H2B(S10A) strain showed a slight but significant increase in resistance to CdtB in both plate sensitivity and survival plating assays ( Fig. 5A and B) . In particular, the colonies that survived CdtB intoxication were noticeably larger in the H2B(S10A) strain than in the wild type (Fig. 5A) . It appears that, although the yeast metacaspase or Aif1 is not required, the phosphorylation of histone H2B at least partially plays a role in CdtB-induced death.
Our earlier study of MOLT-4 cells suggested that CDT induces both caspase-dependent and caspase-independent cell death that can be overcome by overexpression of Bcl-2 (27) . Furthermore, Bcl-2 expression has also been shown to rescue yeast from death induced by many apoptotic inducers (17) . Therefore, we tested if overexpression of human Bcl-2 and Bcl-xL, the negative regulators of apoptosis, can rescue yeast cells from the cytotoxic effect of CdtB. Plasmids with human Bcl2 or Bcl-xL under a galactose-inducible promoter or an empty vector were transformed into W303-1A yeast cells harboring pYES-CdtB or the pYES control. Both plate sensitivity and survival plating assays showed that neither Bcl2 nor Bcl-xL could rescue CdtB-induced death (data not shown). Furthermore, rho0 derivative strains without functional mitochondria exhibited a level of sensitivity to CdtB expression similar to that observed for the wild-type parent (Fig. 5C ). These suggest that mitochondria are not required for CdtB-induced cell death in our yeast model.
DISCUSSION
Cytolethal distending toxin is one of many virulence factors of A. actinomycetemcomitans that may contribute to its pathogenicity (28) . AaCDT can induce cell cycle arrest and/or apoptosis in several kinds of mammalian cells. Here, we used S. cerevisiae as a model to study the mechanisms underlying such cytotoxic effect. The results suggest that expression of CdtB, the catalytic subunit of CDT, causes DNA damage and induces cell death in yeast that is independent of the yeast metacaspase Yca1, Aif1, and mitochondria.
In our system, AaCdtB expression is regulated by a galactose-inducible promoter. Temporary expression of CdtB was achieved by transferring cells from galactose-containing medium to glucose-containing medium to repress further expression after the designated time (Fig. 1A) . We observed an apparent cytotoxic effect of CdtB at 8 h after induction even when the expression was turned off afterwards. This result suggests that the cytotoxic effect of CdtB is irreversible.
Continuous expression of CdtB in a haploid wild-type yeast strain results in a significant level of cell death, although a portion of cells still survive (Fig. 1C) . This result suggests that the level of cytotoxicity of AaCdtB is different from that of Campylobacter jejuni CdtB (CjCdtB) (10, 13) . The recent genome-wide study reported that CjCdtB is highly toxic in haploid yeast cells but is only marginally toxic to diploid yeast cells (13) . AaCdtB is highly similar to Haemophilus ducreyi CdtB, with over 95% identity at the amino acid level, but shares less than 60% homology with Escherichia coli CdtB or CjCdtB (37, 40) . Therefore, it is possible that the differences in toxicity level between AaCdtB and CjCdtB are due to the differences in the primary amino acid sequences. Furthermore, because of the high toxicity level in haploid cells, the genome-wide screen for CjCdtB-sensitive yeast mutants was performed with diploid strains (13) . In contrast, since AaCdtB is moderately toxic to haploid yeast cells, we can use this system to detect both hypersensitivity and resistance to AaCdtB among haploid yeast strains with mutations or deletions in various pathways.
In this study, we employed a high-copy-number plasmid for AaCdtB expression, while previous studies of yeast with CjCdtB used a low-copy-number plasmid (10, 13) . This may raise a concern with regard to the high level of intracellular CdtB. We had initially expressed AaCdtB in a low-copy-number plasmid, but we did not observe any effect on yeast growth in contrast to what was observed for CjCdtB, which demonstrated a high level of toxicity, both in our hands (data not shown) and as previously reported (10, 13) . Therefore, we used the highcopy-number plasmid for AaCdtB expression and examined the effects of different levels of AaCdtB by varying the concentrations of the inducer (galactose) and the repressor (glucose) in the medium. We observed a clearly dose-dependent cytotoxic response to AaCdtB expression (data not shown). These results suggest that the cytotoxic effect was observed not only at an extremely high concentration of intracellular CdtB and further provide supporting evidence that the level of toxicity of AaCdtB is lower than that of CjCdtB. There is no study to date that directly compares the levels of toxicity of the CDTs of the two bacterial species in the same cell culture system.
It is rather difficult to compare the levels of CdtB expression in our system to the levels of CDT holotoxin that are toxic to mammalian cells. Only a few studies reported the actual AaCDT protein amounts used for intoxication. The toxic doses of AaCDT previously reported ranged from 50% effective doses (ED 50 s) of 0.4 ng CDT/ml (equivalent to ϳ0.15 ng of CdtB) and 0.04 ng CdtB/ml (for 5 ϫ 10 5 cells; Jurkat cells) (32, 33) to a toxic dose of 10 to 100 ng CDT/ml (equivalent to 4 to 40 ng CdtB for 10 6 cells; MOLT-4 and Jurkat cells) (27) , if most of the CdtB were internalized. A direct delivery of AaCdtB by microinjection was done at 1 g/l at 50 to 120 hPa for 0.2 s (25), but the actual amount of injected CdtB is unknown. In comparison with these data, the levels of AaCdtB VOL. 78, 2010 AaCdtB-INDUCED S/G 2 ARREST AND CELL DEATH IN YEAST 789 expressed in our system (2 to 15 ng/10 6 cells) were within a similar range of magnitude. Furthermore, previous reports indicated that microinjection or electroporation of the CdtB subunit alone into mammalian cells could recapitulate all the effects of CDT treatment (7, 14, 25) . Additionally, in the case of Salmonella enterica serovar Typhi, CdtB is the only CDT subunit in the genome and the polypeptide is delivered into host cells by bacterial internalization without the requirement for CdtA and CdtC (9) . Therefore, we believe that our system using internally expressed AaCdtB in yeast is a reasonable model for the study of the effects of CdtB on conserved cellular processes.
It has been unclear which catalytic activities of CdtB lead to its cytotoxicity. CdtB shows homology in the catalytic residues conserved among families of enzymes with phosphoesterase activities. Two such activities have been proposed to be important for CdtB function, those of a DNase and a phosphatidylinositol-3,4,5-triphosphate [PI (3, 4, 5) P3] phosphatase (14, 35) . Mutations of the conserved catalytic residues abolish the cytotoxicity of CdtB, as shown in Fig. 1C and previous work (8, 14, 27) . Although these residues are critical to both DNase and PI(3,4,5)P3 phosphatase activities, our results indicate that DNase activity alone is sufficient for CdtB cytotoxicity. This is suggested by the requirement for a nuclear localization signal (Fig. 1C) and the fact that yeast does not contain PI(3,4,5)P3 (23) . Therefore, although this does not preclude a possible role for other enzymatic activities in mammalian cells, yeast cell death likely results from the DNA-damaging activity of CdtB.
Moreover, we found that CdtB is specifically highly toxic to yeast strains lacking Rad51, a single-strand DNA binding protein crucial in homologous recombination, and the members of the MRX complex that acts as a sensor of DNA breaks (Fig.  3A) . Thus, cells that cannot repair DNA breaks by homologous recombination cannot survive the damage generated by CdtB. This evidence strongly suggests that homologous recombination is critical for the repair of CdtB-induced lesions. This is in agreement with the recent genome-wide screen for CjCdtB-sensitive yeast diploid mutants, which also identified the rad51⌬, mre11⌬, rad50⌬, and xrs2⌬ strains (13) . However, our results differ from the screen with regard to the sensitivity of yku70⌬, which showed a weak growth defect upon CjCdtB expression but showed the same level of sensitivity to wild-type yeast in our assay. Nevertheless, our results are consistent with the screen with regard to the other genes involved in NHEJ (DNL4 and NEJ1), the deletion of which had no effect on the sensitivity to CdtB. Thus, it appears that NHEJ plays a minor role in the repair of CdtB-induced damage in yeast.
Previous studies reported a rapid induction of Rad50 and Mre11 focus formation upon CDT intoxication in mammalian cells (11, 17) . We also observed a strong hypersensitivity to AaCdtB in yeast strains lacking MRE11, RAD50, or XRS2, confirming the importance of all the members of the MRX complex in the response to CdtB. It is interesting to note that the MRX complex is particularly crucial in the repair of DNA breaks that require processing, such as irradiation-induced breaks and meiotic breaks created by the Spo11 nuclease, which remains bound to the DNA ends after cleavage, but only mildly affects the repair of "clean" breaks created by the HO nuclease (38) . The strongly hypersensitive phenotype observed in the MRX mutant strains implies that CdtB may also create DNA breaks that similarly require processing. Although the MRX complex is involved in both HR and NHEJ, only the defects in HR, not those in NHEJ, render the cells hypersen- FIG. 5 . CdtB-induced yeast cell death is independent of the yeast metacaspase, AIF, and functional mitochondria but is partially dependent on histone H2B phosphorylation. (A) Plate sensitivity assays showed the yca1⌬ and aif1⌬ strains exhibiting the same level of sensitivity to CdtB as wild-type yeast (BY4741), while the histone H2B(S10A) mutant showed partial resistance, with a larger colony size than the wild type. Representative photographs of at least three experiments are shown. (B) Survival plating analysis of these strains also showed similar-to-wild-type levels of survival in the yca1⌬ and aif1⌬ strains but a slightly higher survival rate in the histone H2B(S10A) mutant. White bars represent strains carrying the pYES vector control, while gray bars represent strains carrying pYES-CdtB. The y axis shows percent survival calculated from the number of CFU on galactose plates relative to the number of CFU on glucose control plates. Values are averages of results from triplicate experiments, with error bars representing SD. The asterisk ‫)ء(‬ represents a statistically significant difference between the wild-type and the H2B(S10A) strains (P ϭ 0.050; Mann-Whitney U test). (C) A plate sensitivity assay showed rho0 derivatives exhibiting a level of sensitivity to CdtB similar to that observed for wild-type yeast (BY4741). (38) .
To ensure the integrity of genomic DNA during cell division, in response to DNA damage, cells also need to coordinate DNA repair with cell cycle progression through the function of DNA damage checkpoints. Rad53 and Chk1 are the DNA damage checkpoint effector kinases required in such response. In S. cerevisiae, Rad53, but not Chk1, is required for the S-phase DNA damage checkpoint, while both Rad53 and Chk1 play a role in the G 2 /M checkpoint (22) . Our result showed that CdtB induces S/G 2 arrest in yeast and that the rad53⌬ strain, but not the chk1⌬ strain, is hypersensitive to CdtB. Together, these results suggest that cell cycle arrest through Rad53 checkpoint activation is required for the survival of yeast cells upon CdtB expression. Nevertheless, since the rad53⌬ strain still retains DNA break repair capability, the level of hypersensitivity is expected to be less than that of strains with defects in HR, which cannot repair the damage at all. This was actually what we observed, as shown in Fig. 3 . This mutant was not identified in the genome-wide screen for strains sensitive to CjCdtB, because RAD53 is an essential gene and therefore was absent from the deletion library. The strain used in our study has a secondary mutation in SML1, which suppresses rad53⌬ lethality (44) .
Although CDT was shown to induce G 1 or G 2 /M cell cycle arrest in mammalian cells, depending on the cell types affected, we found that AaCdtB induces S/G 2 arrest in haploid yeast cells. The significant delay in S phase and the requirement for the major S-phase checkpoint kinase, Rad53, may imply that CdtB generates single-stranded DNA breaks (SSBs), which requires DNA replication to be converted to double-strand breaks (DSBs) in S phase. This is consistent with the findings of Kitagawa and colleagues, who identified several genes that function during S phase in the genome-wide screen with CjCdtB and proposed that CdtB likely creates SSB (13) . Since haploid yeasts do not contain homologous chromosomes for homologous recombination repair except in G 2 phase, S-phase delay may be more pronounced in haploid cells, as was observed in our study. The exact nature of CdtB-induced DNA damage is still not well understood. Further investigations of the yeast system with the relatively well-characterized DNA damage responses could shed new light on this unanswered question.
To examine the pathways through which CdtB induces cell death, we tested the effect of CdtB in yeast strains lacking key apoptotic genes. Both the caspases and AIF (represented by YCA1 and AIF1 in yeast [20, 41] ) are important regulators of apoptosis in mammalian cells and yeasts. However, the deletion of either gene had essentially no effect on the sensitivity to CdtB. Furthermore, we could not detect ROS accumulation or phosphatidylserine staining upon CdtB expression. Overexpression of Bcl-2 or Bcl-xL or the loss of functional mitochondria also failed to rescue CdtB-induced death. These data argue against the role of apoptosis in CdtB-induced yeast cell death. Nevertheless, a yeast strain carrying the mutant form of histone H2B(S10A) shows partial resistance to CdtB expression. Since phosphorylation of histone H2B is involved in chromatin condensation (2), it is conceivable that H2B phosphorylation may play additional role in other DNA metabolic processes that affect survival. Otherwise, there may be another death-related pathway that can activate H2B phosphorylation independently of caspase and AIF.
Although DNA damage is a well-known inducer of apoptosis in mammalian cells (30) , clear evidence is still lacking in yeast. It has been proposed that a yeast strain with mutation of CDC13, a telomere binding protein that prevents telomere degradation, undergoes apoptotic death at nonpermissive temperature (29) . However, Wysocki and Kron (42) showed that dead yeast cells bind nonspecifically to fluorochromes used to detect caspase activity and that cell death is independent of YCA1. Therefore, to answer the questions of whether and how DNA damage induces apoptotic death, or other kinds of cell death, in yeast still requires further investigation (5). Our study suggests that, in the case of DNA damage induced by CdtB, cell death occurs via a caspase-independent process that does not show typical apoptotic characteristics.
In conclusion, we have established a yeast system in which the mechanisms of AaCdtB-induced cell death can be characterized in detail. Our data suggest that AaCdtB induces DNA breaks, S/G 2 cell cycle arrest, and cell death that is likely nonapoptotic in yeast. Further characterization of the effects of CdtB in yeast will bring additional insights into both the mechanism of CdtB and the biology of yeast in response to DNA damage. Moreover, we reported here the first mutation in yeast that increases resistance to CdtB. A further search for genes required for CdtB-induced death could lead to the identification of potential targets for the development of a future therapeutic approach for CDT-related diseases.
